2016) Understanding the nature of atmospheric acid processing of mineral dusts in supplying bioavailable phosphorus to the oceans.
Acidification of airborne dust particles can dramatically increase the amount of bioavailable phosphorus (P) deposited on the surface ocean. Experiments were conducted to simulate atmospheric processes and determine the dissolution behavior of P compounds in dust and dust precursor soils. Acid dissolution occurs rapidly (seconds to minutes) and is controlled by the amount of H + ions present. For H + < 10 −4 mol/g of dust, 1-10% of the total P is dissolved, largely as a result of dissolution of surface-bound forms. At H + > 10 −4 mol/g of dust, the amount of P (and calcium) released has a direct proportionality to the amount of H + consumed until all inorganic P minerals are exhausted and the final pH remains acidic. Once dissolved, P will stay in solution due to slow precipitation kinetics. Dissolution of apatite-P (Ap-P), the major mineral phase in dust (79-96%), occurs whether calcium carbonate (calcite) is present or not, although the increase in dissolved P is greater if calcite is absent or if the particles are externally mixed. The system was modeled adequately as a simple mixture of Ap-P and calcite. P dissolves readily by acid processes in the atmosphere in contrast to iron, which dissolves more slowly and is subject to reprecipitation at cloud water pH. We show that acidification can increase bioavailable P deposition over large areas of the globe, and may explain much of the previously observed patterns of variability in leachable P in oceanic areas where primary productivity is limited by this nutrient (e.g., Mediterranean).
atmospheric processing | ocean macronutrients | desert dusts A tmospheric inputs are an important source of externally supplied nutrients to the offshore ocean (1) . Although all of the inorganic nitrogen (N) is water-soluble and immediately bioavailable, most phosphorus (P) and iron (Fe) are present as minerals that are not immediately soluble in water, hence not bioavailable (2, 3) . Such mineral particles, if deposited to the surface ocean, may pass through the photic zone with no effect on primary productivity, owing to their high settling velocity and low solubility (2) .
Atmospheric P can be important as the major external supply to the offshore ocean, particularly in oligotrophic areas of the open ocean (1) and areas that are P-limited, such as the Sargasso Sea (4) and Mediterranean (5) . The most important source of atmospheric P is desert dust, which has been estimated to supply 83% (1.15 Tg·a ) of the total global sources of atmospheric P (6) . Of that dust, it is estimated that 10% is leachable P. However, observations suggest that the fraction of leachable P in dust is highly variable (7-100%) (7) . Only one global modeling study primitively simulates such variability, considering the reaction of protons with apatite minerals using a kinetic approach (8) . The same study indicates that deposition of P from biological particles of terrestrial origin may be as important as leachable P from dust over the ocean in some regions and certain seasons. These recent findings translate to a large predictive uncertainty of the bioavailable P input to the oceans. Studies show that although atmospheric N and Fe supply are of importance on a global scale, atmospheric P supply plays an important secondary role, especially through colimitation with either N or Fe (9, 10). The varying demands and resilience of different phytoplankton communities can have feedbacks on local limiting nutrients on relatively short time scales (11, 12) . Additionally, evidence suggests feedbacks in the surface waters that may enhance the impact of the atmospheric supply of P (1, 13) . This complex picture is yet to be replicated in global biogeochemistry models; therefore, it is not currently possible to put a limit on the importance of any atmospherically supplied P.
Previous studies have shown that atmospheric processes can increase Fe bioavailability in dust before being deposited to the ocean. Insoluble Fe, principally in the form of iron oxides, can be solubilized by interaction with acid gases that reduce the pH of atmospheric water to the level where solid phase Fe species can start to dissolve (14) , by interaction with organic ligands, or by UV photoreduction (15) . By contrast, the principal mineral species of P in aerosols, apatite minerals (e.g., hydroxyapatite [Ca 5 OH (PO 4 ) 3 ]), are only expected to be solubilized by acid processes in the atmosphere, because they do not undergo photoreduction and
Significance
Mineral dust is the most important external source of phosphorus (P), a key nutrient controlling phytoplankton productivity and carbon uptake, to the offshore ocean. The bioavailable P in dust exhibits considerable and poorly understood variability. Detailed laboratory experiments elucidate and quantify the major processes controlling P dissolution in the atmosphere. Dust exposure to acids is the main driver of P mineral transformations, and a simple direct proportionality is found between the amount of bioavailable P dissolved from the dust and acid exposure. Simulations suggest that dust acidification increases leachable P over large areas of the globe and explains much of its variability in important oceanic areas where primary productivity is limited by this nutrient (e.g., North Central Atlantic, Mediterranean).
calcium (Ca) is not strongly complexed by organic ligands. In a study on dust particles sampled in the eastern Mediterranean, Nenes et al. (7) found a correlation between increased leachable inorganic phosphorus (LIP) and increased acid exposure in the aerosol particles. Furthermore, the amounts of P released during acidification were consistent with the thermodynamic limit of solubility. However, no further insight on the mechanism and dissolution kinetics could be obtained.
The principal acid precursor species in the atmosphere are oxides of nitrogen and sulfur (NO X and SO X ). These precursor species can be the result of natural processes, such as the oxidation of dimethyl sulfide released by phytoplankton in oceanic surface waters (16) , volcanic eruptions (17), or lightning. However, at present, the main source of such gases in the northern hemisphere is anthropogenic (18) . To a lesser degree, low-molecular-weight carboxylic acids (e.g., formic acid, acetic acid, oxalic acid) are generated in the atmosphere and can contribute acidity, especially in evaporated cloud droplets (18, 19) .
Fresh and aged dust particles can be contained within cloud droplets that dissolve acidic gases but with pH levels that do not drop much below 4 (18) . Although some cloud droplets condense to form rain, most cloud droplets evaporate to form wet aerosol particles. This process can result in a substantial drop in pH and an increase in ionic strength (IS) of the resultant film of water (20) . This cycling between cloud droplets and wet aerosol particles can occur several times [an average of 10 cycles throughout the troposphere (18) ] before the aerosol drops to earth by wet or dry deposition. Thus, the chemical conditions within and between clouds are very different, with relatively high pH and low IS in cloud droplets and low pH and high IS in wet aerosols (20) (21) (22) . This cycling was investigated for its effect on Fe dissolution in the atmosphere by Shi et al. (23) , who show that Fe is solubilized in wet aerosols and then reprecipitated as Fe nanoparticles in clouds. By contrast, the impact of pH changes or proton addition to atmospherically processed mineral dusts, and subsequent P dissolution, is virtually unknown.
This study sets out to investigate the nature, magnitude, and controls of atmospheric acid processes on the solubilization of mineral P in dust particles using samples collected during dust storms in Israel and Greece, as well as on dust precursors collected from surface soils in a variety of locations across the Sahara desert (map included in SI Appendix, Fig. S1.1 ). Experiments were carried out using principally natural dust particles to mimic atmospherically relevant conditions, and thereby represent the amount of P solubilized by atmospheric acid processes. Results are interpreted by modeling the experimental systems using the geochemical PHREEQC (pH-redox-equilibrium calculation) model (24) . Calculations using a global 3D atmospheric chemical transport model [Tracer Model 4 of the Environmental Chemical Processes Laboratory (TM4-ECPL)] (25) were used to estimate the potential global importance of these processes.
Results
Properties of Dusts. The highest P concentration was found in the dust sample from Israel (Fig. 1, Top) . The sequential phosphate extractions (SEDEX) (26) revealed that apatite was the dominant P mineral (Fig. 1 , Bottom). Total inorganic P [which includes leachable P, Fe-bound P, apatite P (Ap-P), and carbonate P] varied between 7.7 and 60.0 μmol·g
, and represents 55-92% of the total SEDEX P in the sample. The remainder of the P was made up of organic P (full SEDEX data, mineral composition, and BET (Brunauer, Emmett, and Teller) surface area are provided in SI Appendix, section 3.1.2).
Effect of Protons and Fluid Volume on the Dissolution of Ca and P
Minerals. Fig. 2 shows the combined effects of pH and volume on the release of P from the Israel dust (legends used in this figure are used consistently in all subsequent figures and within SI Appendix). Both more acid pH values (at equal water volume) and higher volumes (at equal pH) yield greater P concentrations. The amount of P (Figs. 2 and 3) and Ca ( Fig. 4 ) released from the dust was controlled by the amount of H + ions present and not the initial pH. , where the acidreactive mineral phosphate pool was exhausted. A similar pattern was seen with Ca ( Fig. 4) , although the critical proton concentration was slightly lower than seen for P. These figures indicate that above a given proton concentration, both Ca and P mineral phases are subject to dissolution. Fe was only above the detection limits in limited experiments where excess protons allowed the pH to remain low throughout the experiment. Results for the other dust samples yielded similar trends for all analytes (SI Appendix, section 3.2).
In all experiments the dust-solution mixtures tended to become buffered to neutral or alkali pH end points after 48 h of reaction. Same data with the volume axis on a log scale.
The exceptions were experiments where protons remained in excess and all Ca and P minerals were dissolved (SI Appendix, section 3.1.1 and Table S3 .3). Even using buffered solutions (SI Appendix, section 3.1.1), the release profiles for P did not change from those release profiles described above. Similarly, instantaneous acid addition or slow acid diffusion also did not significantly alter the evolution of dissolved P in the experiments (SI Appendix, section 3.2.
2). When we tested a sequential batch addition of acid, the results (Fig. 3 , 1 mL experimental data connected by a solid line; also SI Appendix, section 3.2.3) were similar to experiments performed at higher total proton values through a single acid addition, implying consistent Ca and P mineral dissolution as the total proton exposure is increased. Finally, high IS also played a minimal role in driving P release (SI Appendix, section 3.2.3). All experiments with the real dusts described above assumed that the reactive minerals (calcite and apatite) are found in every particle ("internally mixed") at the ratio that can be calculated from the apatite and Ca concentrations determined in our study (SI Appendix, Table S3 .1). Although dust particles may be "externally mixed" (particles of a given size have only calcite or apatite but not both), in reality the low-volume experiments brought the acidic fluid into contact with all particles, and thus the system behaved as internally mixed. Calcite (CaCO 3 ) controlled the H + content, and the released P was totally dependent on reactive mineral composition. These results were confirmed experimentally through analog dusts made up of single reactive mineral components (i.e., apatite only) or mixed reactive mineral components (apatite and calcite) that we used as dust proxies (SI Appendix, section 3.2.4). The analog experiments demonstrate that if dust particles were externally mixed, then there would have been more P released per H + amount compared with our real dust experiments (Figs. 2 and 3 ) because more protons are available for direct reaction with apatite.
Comparison of Experimental Results with Modeling. The close agreement between our precursor and real dust samples (SI Appendix, section 3.2.4) suggests that the interaction between calcite and apatite with acidity is the primary control of P solubility. This relationship is confirmed by thermodynamic calculations for a system containing only calcite, apatite, and solution ( Fig. 5 and SI Appendix, section 3.3). Above ∼10 −6 mol·L −1 for P and 10
for Ca, there was agreement between measurements and predictions. Below these concentrations, predicted Ca and P deviated somewhat from the measurements, likely owing to desorption of loosely bound P (SEDEX sorbed pool; Fig. 1 and SI Appendix, Table S3 .1) and Ca.
Discussion
We studied the dissolution of P-containing phases in the surface soils from areas that are known to be sources of Saharan dust (27) , as well as two samples of dry deposited Saharan/Arabian dust. There was a relatively constant P speciation in the mineral composition of these dusts (Fig. 1) . Given that the principal acidsoluble mineral, Ap-P, was, on average, 89 ± 7% of the total inorganic P and Fe bound-P was only 7 ± 4% of the acid-reactive mineral phases, we consider the proton reactions of only Ap-P and CaCO 3 as controlling the atmospheric conversion of mineral P to leachable forms. Other processes that affect the solubilization of Fe, such as photoreduction and organic complexation (12) , are likely to have a minor role in increasing P bioavailability because only Fe bound-P will be affected by such processes.
There is no evidence of organic P being affected by acidification. In addition to these acid-soluble phases, a small amount (<7%) was in the sorbed inorganic-P pool (extracted by 1 M MgCl 2 ), which is likely to be solubilized directly into seawater (26) . Although our samples were collected or derived from widespread areas from the Sahara and Arabian deserts, they all had similar relative fractions of Ap-P, Fe-bound P, and adsorbed P. This finding is consistent with a common weathering regime across these deserts, which combines some chemical weathering, little plant growth to convert P minerals into plant biomass in situ, and often reprecipitation of CaCO 3 as caliche. However, we recognize that other regions of the Sahara, with different mineralogy [e.g., the Bodélé (28)], may exert an influence on the bulk properties of some Sahara dust plumes. Our samples had 7 × 10 −4 to 3.3 × 10 −3 mol·g −1 of acid-soluble Ca, which is 6-33% by mass of CaCO 3 . Although the P mineral speciation was similar between samples, there was considerable variability in the total P concentration (9.1 × 10 −6 to 6.3 × 10 −5 mol·g −1 ). In the atmosphere, dust particles cycle between clouds, where they can become cloud condensation nuclei and wet aerosols. In clouds, there is a high water/dust ratio, low IS, and generally high pH, except in the unusual situation of very highly polluted air masses. Wet aerosols, which are generally formed when cloud water evaporates, contain a film of water and can have very low water/dust ratios, high IS, and low pH (23) . Our experiments were designed to span these conditions within the practical limitations of laboratory handling. The key parameter in controlling the amount of P (and Ca) liberated from acid processing was the total amount of H + ions in the aqueous layer surrounding the dust particle and not the initial pH (Figs. 2-4) . For all of our experiments, both CaCO 3 and Ap-P were rapidly dissolved (as measured by Ca 2+ and orthophosphate liberated) and H + ions were consumed on a time scale of seconds to minutes (SI Appendix, section 3.1.1). In most cases, the pH was controlled by rapid reaction with CaCO 3 to circumneutral values, as shown by the simple relationship between the decrease in H + ions being twice the increase in Ca 2+ cations. At low H + amounts (<10 −4 mol·g −1 of dust), P was liberated over a wide range of H + ion concentrations. This result was interpreted as being due mainly to simple leaching of dissolved P from the samples into water, independent of the reaction of H + with acid-soluble minerals. This observation corresponds to the leachable P previously measured when dust was treated by deionized water or a very-lowstrength leach (e.g., ref. 29) . The amount of leached P is likely to be independent of whether there is CaCO 3 in the dust sample or not.
At proton concentrations above 10 −4 mol of H + per gram of dust, there was a direct proportionality between P (and Ca) released and the amount of H + ions consumed (Figs. 2-4 ). This relatively simple pattern of P release continued until the level where all of the P minerals were exhausted. When the proton-reactive minerals were exhausted, the final solution pH was no longer circumneutral but remained acidic. The P released in experiments with the highest H + amounts corresponded approximately to the value of total inorganic P determined by SEDEX extraction. Similar trends were obtained for all of the other dust and dust precursor samples.
The relationship between P, Ca
2+
, and H + ions for all of the test samples was confirmed by PHREEQC equilibrium modeling, in which there were similar increasing trends of P and Ca 2+ obtained assuming a simple three-component model of calcite, hydroxyapatite, and H + ions. The model fit was better for Ca 2+ (controlled by calcite and H + ions) than for P, where there was more scatter. This result is considered reasonable because there is more than one acid-soluble P mineral present in all of the natural samples, and the Ap-P is also likely to be made up from a number of different apatite minerals with different solubility behavior.
Our results also showed that increased IS caused slightly more dissolved phosphate to be liberated into solution. Where the major contributors to increased IS were ammonium and sulfate, the most common ionic species in aerosols (18), it was found that the amount of P released fits on the trend for the HCl-only data if the proton availability from the dissociation of ammonium ions (predicted from a final pH of 8) is allowed for. In our experiments using NaCl (IS = 2), which was used as a surrogate for evaporated sea salt, the liberated P increased by a factor of 4.3. In both cases, even if the IS decreases to that of rainwater, the dissolved P will remain in solution due to very slow precipitation kinetics and will be delivered as bioavailable P to the surface ocean (ref. 30 and references therein).
In the atmosphere, some mineral particles have both CaCO 3 and Ap-P on the same particle (internally mixed), whereas other particles have only one or the other mineral (externally mixed). Because acidity in the atmosphere is transferred to dust via the gas phase, the amount of dissolved P will vary between particles, depending on the amount of CaCO 3 . There were no data available characterizing the degree of external mixing of CaCO 3 and Ap-P in dust samples. However, we expect many of the particles to contain both CaCO 3 and Ap-P, because in many sedimentary rocks and desert soil systems, there is a close association between CaCO 3 and Ap-P. Both minerals precipitate in marine sediments during diagenesis (31) , and such marine sediments are generally the source of Ap-P in desert soils (32) . Furthermore, caliche forms in many desert soils, where Ca and bicarbonate produced by in-situ weathering are precipitated (33) . However, our results show that in the situation where external mixing does occur, more P would be solubilized because on those particles with only Ap-P, there was no consumption of H + by CaCO 3 because it was absent from this experiment (SI Appendix, section 3.2.4). In reality, although we predict that many dust particles will be internally mixed, there will be a continuum and the balance between these two extremes may not be the same for all dust events.
Comparison with Fe Processes. The fraction of bioavailable Fe supplied to the ocean is also increased by acidic atmospheric processes (34) . However, Fe dissolution is much slower than Ap-P (35). This behavior means that for internally mixed particles, essentially all of the H + ions will be neutralized by CaCO 3 before they react with Fe minerals. However, Fe-bearing particles are often externally mixed as clays (36) or Fe-rich particles (37) . Thus, dissolution of Fe and P can happen simultaneously on different particles. Furthermore, Fe dissolution occurs principally in wet aerosols (low pH with high IS) (23) . When the aerosol particles are activated into clouds at lower pH, the Fe is likely to reprecipitate as nanoparticles (38) , whereas P does not reprecipitate. The only removal of P will be adsorption onto fresh Fe nanoparticles if both processes occur on the same particle/droplet. In that situation, both Fe and sorbed P are likely to be bioavailable.
The Potential Importance to the Global P Cycle and Supply to the Ocean. The main acids in the atmosphere, sulfuric and nitric acids, are generated by the oxidation of sulfur and N gases emitted by biogenic, volcanic, and anthropogenic sources (16) (17) (18) , the latter of which is dominant at present. It has been noted that there is a higher fraction of LIP in polluted air masses (39, 40) . Based on field samples collected in Crete, Nenes et al. (7) provided direct evidence of the increase in LIP in aerosols with increasing aerosol acidity. They suggest that this increased LIP is from polluted air masses from southern Europe bringing acid gases from the north to mix with the Saharan air mass. The increased fraction of LIP in atmospheric aerosols over the Bay of Bengal compared with atmospheric aerosols over the Arabian Sea has also been interpreted as due to the effect of acid processing of aerosols caused by anthropogenic activities (41) . The action of the processes identified here may explain why aerosol samples across the North Central Atlantic can have greater fractions of soluble P than dust soil precursors or aerosols collected closer to the dust source (42) . Our results demonstrate that atmospheric acid processes are extremely efficient in solubilizing P and provide further support to the finding by Nenes et al. (7) that acids can increase the delivery of bioavailable P from dust to the oceans. The amount of N fixation is also likely to increase because dust that has been acid-processed will contain increased amounts of both bioavailable P and Fe, which have been shown to limit N fixation (9) .
To examine whether acid dissolution of dust P can be globally important, we simulate the acid exposure of dust and examine the extent to which it can occur. To do so, we quantify the ratio between dust Ca and its acid exposure. We quantify the ion balance,
represents the concentration of species X in the aerosol sample in moles per cubic meter of air) over aerosol Ca ( Fig. 6 ; also SI Appendix, section 3.4.). Calculations are carried out with the global model framework of Myriokefalitakis et al. (25) using current-day aerosol emissions, and results are shown for the coarse fraction of dust and the model surface layer, which are representative of the dust that deposits to the surface. Values of the ratio above 10 −1 indicate regions where considerable solubilization of dust P is expected. The simulations clearly indicate that the flux of bioavailable P over considerable regions of the ocean can be substantially increased by acidified dust. This increase is likely to be greater than the 0.59 Tmol of carbon per year that can be calculated from the bioavailable P predicted by the recent global modeling work that accounts for the kinetic Ap-P dissolution process (8) .
In many locations, there has been a greater increase in N-containing gases, particularly NO x and ammonia (NH 3 ), than in particulate P, which is transported in the atmosphere. The molar ratio is typically greater than 16:1 and often much larger. It has been reported that this supply tends to make surface waters more P-limited (29, 43) . Our results suggest that this transformation is somewhat moderated by the relative increase in bioavailable P due to interaction between NO x and dust particles. As a result, phytoplankton biomass and carbon uptake will increase even in areas of the ocean that are N-limited in the short term because P remains the element that causes a longer term increase in primary productivity (44) . The implications of this added carbon export from anthropogenic pollution to ocean ecosystems has the potential to be widespread and considerable, affecting global primary productivity and the carbon cycle.
Methods
Dust and Precursor Dust Sources. Two dust samples and six size-fractionated dust precursor samples were used in this study ( Table 1 ). The majority of the experiments were carried out with a dust sample deposited on a clean, flat surface during a dust storm in Rosh Pina, Israel (collected first in May 2012). A second dust sample was collected between June 1 and June 9, 2013, from a solar panel in Heraklion (Crete, Greece). Based on back-trajectory data from the HYSPLIT model (ready.arl.noaa.gov/HYSPLIT.php), the origins of these dust samples were the deserts of Saudi Arabia/Jordan/Iraq and North Africa, respectively. These two real dusts were used directly as collected, without size fractioning or other preconditioning. In addition, six dust precursor samples collected from a variety of locations (mainly dry stream or lake bed soils) within the Sahara Desert (Table 1) were used to generate size-fractionated dusts using a dust tower separation and filtration methods (45) . We used the <10-μm fractions for our experiments, similar to previously used dust precursors that have been shown to be analogous to atmospherically sampled dust (45, 46) . In this present study, the term "dust" is used to refer to both the dust precursor and the real dust samples unless otherwise stated.
Experimental Procedures. SEDEX sequential P extraction. P speciation among the different operationally defined P pools was determined on 50-100 mg of each dust sample (Table 1) following the SPExMan SEDEX sequential extraction scheme (47) , with the modification that step IIA for Fe-bound P followed the procedure of MacDonald (48) . This modification removes the use of citrate, slightly alters the pH to 7.5, and increases the reaction time to 10 h. The absence of citrate means that the resulting solutions do not require any pretreatment, other than dilution, before analysis by the molybdate blue method (discussed below). Five P species were differentiated, namely: leachable or loosely sorbed; Fe-bound; a combined pool containing authigenic apatite, biogenic apatite, and CaCO 3 -bound; detrital apatite plus other inorganic P; and organic P. We defined apatite (Ap-P) as the combined phases extracted as diagenetic and detrital apatite, and CaCO 3 -bound P in the sequential SEDEX extraction scheme. Total inorganic P was defined as the sum of all of the phases except organic P. Methods for mineral composition and surface area analysis are in described in SI Appendix, section 2.1. Phosphorous release experiments. The following experiments were performed on the dust samples using pH-adjusted but unbuffered solutions (HCl, SigmaAldrich; ≥37% American Chemical Society reagent grade in 18.2 MΩ/cm of Milli-Q water) in an end-over-end stirrer for 48 h. Israel dust (55 ± 3 mg) was used as follows: pH 2 HCl with volumes of 70, 140, 210, and 500 μL and 1, 2, 5, and 15 mL; 0.2 mL of HCl at pH 0, 1, 2, 3, 4, and 5.5; 1 mL of HCl at pH 0, 1, 3, 4, and 5.5; 2 mL of HCl at pH 0.3, 1.3, 2.3, 3.3, 4.3, and 5.5; and 5 mL of HCl at pH 1, 3, and 5.5. Other dusts (30 ± 1 mg) were used at a volume of 1.2 mL at pH 0, 1, 1.8, and 2.4. Several initial experiments were carried out to determine the pH buffering capacities and the proton-dust reaction rates. We showed that almost all protons were consumed within ∼200 s of starting the reaction and that the phosphate release was equally fast regardless of initial pH (SI Appendix, sections 2.1.1 and 3.1.1). Nevertheless, we performed the majority of our experiments over a conservative time period of 48 h, by which time all changes in concentration had been completed. At the end of these experiments, the mixture was passed through a 0.45-μm syringe filter (13-mm Whatman Puradisc polyethersulfone), and dissolved phosphate was determined as described below. In the experiments with solution volumes ≥2 mL, the final pH was measured following the 48-h exposures. The effect of high IS was tested by adding either ammonium sulfate or NaCl to reach IS = 2 (SI Appendix, section 2.1.2). Furthermore, additional experiments were carried out to evaluate the effect of sequential solution addition (SI Appendix, section 2.1.3), the effect of acid addition via dialysis (SI Appendix, section 2.1.4), and the behavior of simple laboratory-prepared dust analogs (SI Appendix, section 2.1.5).
Chemical Analysis of Supernatants. Dissolved inorganic P was analyzed using the molybdate blue reaction (49) after suitable dilution with matrix-matched standards on a segmented flow analyzer. For high concentrations (>50 nmol·L −1 ), this analysis was done on a SEAL Analytical AA3. The relative standard deviation (RSD) was 2.2% (n = 8), and the limit of detection (LOD; 3 × SD of blank) was 12 nmol·L
. Lower concentration samples were analyzed using a 100-cm WPI Liquid Geochemical Modeling of Experimental Systems. To evaluate the experimental results in terms of predicted equilibrium results, we used the geochemical modeling code PHREEQC (24) , with the Lawrence Livermore National Laboratory database. Input conditions were based on the experimental starting solution conditions and assuming only hydroxyapatite and calcite were the reactive minerals present. The relative concentrations of these components were based on the dissolved Ca and P concentrations measured in the experiment for each dust under the most acid conditions.
Global 3D Atmospheric Chemistry Transport Modeling Using TM4-ECPL. 
